directly in the formation of microtubule attachment sites.
partially localized to two nuclear lobes: Spc19p and As described previously, Cin8p also has the interesting property of localizing to the spindle midbody late in Spc34p, proteins that copurify biochemically with SPBs (Wigge et al., 1998) and Cin8p, one of the six kinesinanaphase ( Figure 1N ; Hoyt et al., 1992). In ndc10-1 cells, the bilobed components of Spc19p and Spc34p locallike proteins in budding yeast (Hoyt et al., 1992; Roof et al., 1992) . GFP fusions of all three proteins showed ization were abolished, whereas localization to spindle microtubules remained. Cin8p-GFP largely shifted to some NDC10-dependent kinetochore localization (Figure 1) and specific binding to centromeric DNA by ChIP one pole or the other. The NDC10-dependence of localization is seen most clearly in intensity-distance plots ( Figures 1P and 1Q ) However, in contrast to Ndc80p, Nuf2p, Spc24p, Spc25p, and Dam1p discussed above, that integrate the GFP and CFP signals along the spindle axis (see Figures 1J and 1L in particular) . In interpreting Spc19p, Spc34p, and Cin8p also localized to other microtubule-based structures in the cell. the plots and images, it should be noted that spindles in ndc10-1 cells are about 25% longer than in wildIn wild-type cells, Spc19p, Spc34p, and Cin8p were broadly similar in being localized to two kinetochoretype cells, reflecting the loss of kinetochore-dependent pulling forces that shorten the spindle. In conclusion, like lobes as well as along the microtubules of the mitotic spindle ( Figures 1G-1O) . In anaphase, all three proteins although the localization patterns of Spc19p, Spc34p, and Cin8p are more complex than those of the five proretained their spindle localization while also concentrating at spindle poles, where centromeres are clustered.
teins discussed in the previous section, imaging and ChIP are consistent with the idea that a fraction of localization appeared to be disrupted in ndc10-1 cells Spc19p, Spc34p, and Cin8p is associated with kinetoat 37ЊC (Figures 2A and 2C centromeres and thereby decrease the frequency or exHowever, since Nuf2p is actually localized to kinetochores tent to which sisters separate in metaphase. Nine of the and not SPBs as previously assumed, we wondered eleven proteins we had localized to kinetochores are whether Ipl1p might be a regulator of kinetochores. With essential for vegetative growth but temperature sensiIpl1p-GFP, we observed a pattern consistent with kinettive mutants were available for only four (Table 1) . ochore localization as well as with spindle binding, and Among the five genes without conditional mutations, it a subset of the localization was NDC10-dependent but seemed most important to examine Stu2p, because it CEN-association was not detected by ChIP. The ChIP has a higher cell homolog (XMAP215) whose function assay is a stringent criterion for kinetochore association is at least partially understood (Tournebize et al., 2000) . and some kinetochore proteins may simply be too disWe therefore generated 19 temperature sensitive alleles tant from DNA to be successfully crosslinked by formalin the STU2 gene using PCR mutagenesis and plasmid dehyde. Our inclusion of Ipl1p in this analysis is justified by its clear role in chromosome movement (see below).
shuffling (see Experimental Procedures), and selected we showed that the fraction of wild-type cells with separated sisters was 50%-60%, whereas in ndc10-1 cells it was less than 1% ( Figure 4A ; He et al., 2000). In ndc80-1, dam1-1, nuf2-61, and stu2-277 cells, the extent of transient sister separation was 10-to 20-fold lower than in wild-type cells, while in ipl1-321 cells it was 4-to 5-fold lower (in about 15% of ipl1-321 cells, centromeres appeared hyperstretched, with the TetO/TetR-GFP tag extended the full length of the spindle). Both bik1⌬ and cin8⌬ cells (which were assayed at 25ЊC, a temperature at which wild-type cells had fewer transient separations) exhibited a normal frequency of transient separation ( Figure 4B ). In conclusion, these data show that Ndc80p, Nuf2p, Dam1p, Stu2p, and Ipl1p are required for transient sister chromatid separation, and thus, probably, for the imposition of normal tension on sister chromatids. The proteins in this study fall into two classes: those that are found primarily at kinetochores (as judged by imaging GFP fusion proteins) and those that localize to both kinetochores and other microtubule-based structures in mitotic cells. To determine whether this distinction is also reflected in the functions of the proteins, we asked whether mutations that reduce tension across sister kinetochores also impair the migration of the nucleus into the mother-bud junction, an essential step in mitosis mediated by the interaction of cytoplasmic microtubules with cortical attachment sites. We observed that whereas nuclear migration was substantially perturbed in stu2-276 cells, it appeared normal in ndc10-1, ndc80-1, dam1-1, ipl1-321, and nuf2-61 mutants ( Figure  4C ; normal nuclear migration is observed in bik1⌬ cells, a consequence of functional redundancy in proteins re- Figure  4G , blue lines; see figure legend for additional details) synchrony was assessed morphologically, more than 90% of cells were observed to have entered prometawere any of these behaviors observed during metaphase and chromosomes remained exclusively in the mother phase and assembled bipolar spindles, and fewer than 5% were in anaphase. As positive and negative controls, cell at anaphase. Furthermore, whereas chromosomes to the other pole, binding to it for 5 to 10 min before ation, the chromosomes were found within 0.2 spindle diameters of the pole, but continued to oscillate rapidly jumping again ( Figures 4J and 4K, red lines) . In some cells, we observed up to four shifts between the poles (with an apparent velocity up to 1 m/min). An even more dramatic monopolar association was observed in in a 30 min period. During these jumps, chromosomes remained as close to the spindle axis as in wild-type ipl1-321 and ipl1-2 cells, in which chromosomes remaining within approximately 0.1 spindle diameters of cells, supporting the notion that they were bound to microtubules, albeit aberrantly ( Figure 4I ). Our interprethe pole (Figures 5E-5H ). This monopolar association was clearly distinct from the spindle detachment obtation of these findings is that whereas microtubule attachment sites are unable to assemble in nuf2-457 cells, served in ndc10-1, ndc80-1, or nuf2-457 cells, and in none of the several dozen movies of dam1 and ipl1 cells the attachments that form in nuf2-61 mutants are metastable. In the complete absence of kinetochore-microtuwere chromosomes further from the spindle axis than in wild-type cells (0.4-0.5 m). Yet a third phenotype bule attachment, no checkpoint signal is generated whereas metastable kinetochore-microtubule attachwas observed in stu2-277 and stu2-279 cells ( Figures  5I-5L ). Chromosomes in stu2 mutants moved to the midments do signal the checkpoint and arrest cells at metaphase (see Discussion).
dle of the spindle (congression), where they oscillated back and forth along the spindle axis (see especially Next, we analyzed chromosome segregation in stu2, dam1, and ipl1 cells. Because we were interested in Figure 5I ), apparently having achieved bipolar attachment and remaining at a wild-type radius from the spingene-specific differences in phenotype rather than allele-dependent variation, multiple temperature sensitive dle axis, but they covered a total distance 2-to 3-fold less than in wild-type cells and exhibited peak velocities mutants were examined for each gene. To identify lossof-function mutants, alleles were ranked in severity at least 3-to 4-fold lower ( ics in strains carrying mutant kinetochore proteins reveals at least three classes of defects: a complete failure of chromatids were split), presumably representing a hypomorphic phenotype, but for each gene we were of chromosome-microtubule attachment (in ndc80, nuf2, and ndc10 cells), attachment to a single pole with able to select two strong mutants.
In dam1-1 and dam 1-11 cells, we observed close a failure to undergo congression (in dam1 and ipl1 cells), and bipolar microtubule attachment with reduced rates association of tagged chromosomes with a single spindle pole (Figures 5A-5D ). During this monopolar associof movement and reduced tension across sister centro- (Figures 6E and 6F) . Thus, the assembly of S. kinetochore structure (Ortiz et al., 1999) . In this case, a cerevisiae kinetochores appears to involve a hierarchy protein should be found associated with kinetochores of dependencies: CBF3 at the first level, Ndc80p at the independent of whether the kinetochores are linked to second, and Stu2p at the third. We conclude that the microtubules. Third, a protein that binds to microtubules severity of the ndc80 phenotype probably reflects a remight show centromere association through the attachquirement for Ndc80p shown previously to bind microtubules and mutations in two of these-Stu2p and Dam1p-abolish the tension previously described spindle proteins of uncertain func-normally imposed on sister kinetochores. In principle, multiple proteins appear to be involved in the attachment of kinetochores to microtubules, including both mutations that affect transient sister separation could act by diminishing the microtubule-mediated forces that motor proteins and MAPs, and these proteins play at least partially overlapping roles. Mutations in NDC10, pull centromeres apart or by increasing the cohesive forces that hold sister kinetochores together. Although NUF2, and NDC80 cause a complete disruption of chromosome-microtubule attachment, apparently because our data do not conclusively distinguish between these possibilities, the abnormal chromosome movements we they disrupt kinetochore assembly. In contrast, mutations in STU2, IPL1, and DAM1 interfere with chromohave observed seem most consistent with a failure to establish and maintain microtubule attachment, and not some movement but kinetochores retain some microtubule attachment. It therefore seems likely that multiple with an increase in sister cohesion. We speculate that the failure of deletions in the nonessential CIN8 and BIK1 microtubule binding proteins contribute simultaneously to the formation of a fully functional attachment site. genes to impair kinetochore-microtubule attachment is a consequence of functional redundancy. Previously reSecond, the formation of kinetochores with at least some microtubule binding activity, however aberrant, is ported redundancy in CIN8 and KIP1 during spindle assembly ( . This is not an activity exachieved bipolar attachment (in stu2), and close associpected of a kinetochore protein although a plus-endation with a single pole, presumably reflecting monopodirected motor could generate a force that separates lar microtubule attachment (dam1 and ipl1). This latter spindle poles, a well characterized activity of Cin8p phenotype could arise either from a failure to duplicate (Gheber et al., 1999; Hoyt et al., 1992). Assuming that kinetochores following DNA replication, or from a failure the association of Cin8p with kinetochores is not advento develop microtubule attachments strong enough to titious, then its function must be redundant with that of oppose the splitting forces exerted on sisters during other proteins. We have looked for kinetochore associametaphase. A likely interpretation of these three phenotion by the Kip1-3 motors using GFP-tagging and ChIP typic classes is that different proteins mediate different and have preliminary data that Kip3p, at least, may also aspects of microtubule attachment and chromosome localize to kinetochores. We must now undertake a caremovement. ful analysis of chromosome dynamics and transient sepFourth, many proteins involved in kinetochore-microaration in cells lacking combinations of two, three, and tubule attachment also localize to other microtubulefour motor proteins. based structures and appear to have more than one function in the cell. For example, Stu2p and Bik1p appear to function at both kinetochores and at cortical General Implications for Kinetochore-Microtubule Attachment capture sites (and probably also at SPBs; Wang and Huffaker, 1997). Membrane-associated cortical capture Four implications of general significance for kinetochore biology can be drawn from the data in this paper. First, sites bind cytoplasmic microtubules that emanate from
